It has been observed that artificially reconstituted nucleoprotein formed from uninfectious preparations of tobacco mosaic virus (TMV) protein and nucleic acid achieves a signicant level of infectivity. 1 2, In earlier experiments1' 2 the biological activity of the reconstituted nucleoprotein was marginal, being only about 1 per cent of the infectivity of an equal amount of actual TMV. As a result of improved reconstitution methods, it has been possible to produce material with an infectivity nearly one-tenth of that of TMV and to isolate from such preparations small amounts of nucleoprotein about 45 per cent as infectious as the virus proper.1
It has been observed that artificially reconstituted nucleoprotein formed from uninfectious preparations of tobacco mosaic virus (TMV) protein and nucleic acid achieves a signicant level of infectivity. 1 2, In earlier experiments1' 2 the biological activity of the reconstituted nucleoprotein was marginal, being only about 1 per cent of the infectivity of an equal amount of actual TMV. As a result of improved reconstitution methods, it has been possible to produce material with an infectivity nearly one-tenth of that of TMV and to isolate from such preparations small amounts of nucleoprotein about 45 per cent as infectious as the virus proper. 1 Interpretation of these results is materially affected by the recent observation of Schramm4 that RNA prepared from TMV by a mild method is itself infectious. The specific infectivity is of a very low order (less than 1 per cent) and rapidly disappears as the nucleic acid preparation is aged. RNA employed in the reconstitution experiments cited above was prepared by more drastic methods and intentionally purified with the aim of reducing initial infectivity of the nucleic acid alone to zero. Thus RNA appears to be inherently infectious. It loses this capability soon after being separated from the virus nucleoprotein but is apparently restored to an infectious condition by being recombined with TMV protein. This view suggests that, in the intact virus nucleoprotein, RNA maintains an infectious condition in part because of the structural restraints imposed by its association with the virus protein and that infectivity lost when RNA is freed if protein may, to some degree, be restored when such restraints are reimposed by forming an artificially reconstituted RNA-protein polymer. Support for this proposition may be derived from Franklin's recent observations that the RNA in TMV is in a structural relation to protein which is so intimate that, when the former is absent (as in the virus-like rods formed when protein alone is repolymerized), no empty space can be detected in the region of the rod normally occupied by RNA.
A general consequence of this view is the expectation that TMV protein may possibly exert structural effects on the nucleic acid with which it is polymerized sufficient to influence the latter's biological activity.
The present paper reports some experiments designed to test this proposal, in which an effort has been made to produce biologically active nucleoprotein from TMV protein, and a type of nucleic acid foreign to the virus, i.e., the DNA extracted from tobacco plants. MATERIALS The extracted material was separated by centrifugation at 2,500 9. When this solu-831 tion was diluted with cold distilled water to reduce the NaCl concentration to 0.15 M, a fibrous desoxyribonucleoprotein precipitated. This was then purified by three reprecipitations. DNA was then prepared from the purified desoxyribonucleoprotein according to the method of Crampton, Lipshitz, and Chargaff.6 This preparation was redissolved and reprecipitated once more. Aqueous solutions of the purified DNA preparations exhibited a high degree of viscosity and an ultraviolet absorption spectrum characteristically found in DNA's (absorption maximum at 260 mp, minimum at 230 min, maximum/minimum ratio 2.5; see Fig. 1 ). Paper chromatograms of DNA hydrolyzates showed no perceptible amount of uracil, when thymine spots contained about 30-100 jig. of base. 2. Proteins.-Two kinds of proteins, TMVP and B3, both from infected plants, and the protein of TMV have been used in these experiments. TMV protein was prepared according to the method of Schramm7 by holding a TMV solution at pH 10.7 (150 C.) for 3 hours at 40 C. The solution was then dialyzed rapidly against cold distilled water with three changes, followed by ultracentrifugation at 40,000 rpm for 1 hour. The ultracentrifugal supernatant contains the low-molecular-weight protein units split from the virus nucleoprotein, RNA, and probably degraded RNA products. To remove RNA from the protein preparation, the solution was ad-justed to pH 7 with 0.01 .lt phosphate buffer and passed twice through Ecteola columns. 8 The amount of Ecteola used was ten times the amount of starting virus material. B3, a noninfectious protein which is serologically related to TMV, occurs in small amounts in tobacco plants infected with TMV and is absent from healthy plants.9 B3 polymerizes easily under storage into a high-molecular-weight protein, B8. To obtain the low-molecular-weight B3 protein, stored preparations of B8 were treated with alkali by dialysis against 3 liters of pH 10.6, 0.01 At glycine buffer for 2-3 days (with one change of buffer). The protein was then dialyzed rapidly against water to remove the buffer, followed by ultracentrifugation and Ecteola treatment as in the preparation of TMVP. Absorption spectra of TMVP and B3 are shown in Figure 1 .
3. Infectivity Tests.-Preparations were tested for infectivity by inoculation on leaves of Nicotiana glutinosa. Leaves were removed from greenhouse-grown plants randomized, and separated into groups of ten. In each experiment one set of leaves was inoculated with a standard solution of 0.5 ,g/ml of TMV. The other sets were inoculated with (a) solutions of the DNA preparations used in the reconstitution process, (b) solutions of the protein preparations used in the reconstitution process, and (c) solutions of the high-molecular-weight nucleoproteins isolated from the reconstitution mixtures (see below). All solutions were in 0.05 M phosphate buffer, pH 7. The control solutions (a and b) were inoculated at concentrations equal to the highest concentration used in the accompanying reconstitution processes. Lesions were counted 5 days after inoculation. The activity of the experimental materials is expressed as specific infectivity, i.e., the percentile relationship of lesions per microgram of sample to lesions per microgram of TMV standard.
RESULTS
In initial experiments an attempt was made to form DNA nucleoproteins by the reconstitution procedure previously developed for use with RNA. This involved gradual addition of protein to a dilute solution of DNA (ca. 10-100 /Ag/ml) in 0.4 saturated ammonium sulfate. It was found that in contrast with TMV RNA, tobacco leaf DNA fails to form a nucleoprotein complex with either TMV protein or B3 under these circumstances. Instead, the protein tends to polymerize by itself, and, being insoluble in this concentration of ammonium sulfate, it precipitates out of the mixture in the form of needle-shaped pseudo-crystals. Since DNA tends to become denatured in such dilute solutions, the procedure was then altered by using concentrations an order of magnitude greater than those employed in RNA reconstitution experiments.
When protein was added to the more concentrated DNA solutions, it was found that they became opalescent without forming an appreciable precipitate and that high-molecular-weight nucleoprotein could then be isolated by ultracentrifugation. Details of the reconstitution procedures used to produce DNA-bearing nucleoproteins are presented in Table 1 . Figure 2 shows the absorption spectra of the high-molecular-weight material isolated from such DNA-protein mixtures. The absorption spectra are characteristic of nucleoproteins. From these absorption spectra (and the extinction coefficients of tobacco leaf DNA and TMV and B3 protein) we estimate that the nucleoproteins contain 10-15 per cent nucleic acid. These DNA nucleoproteins differ from TMV or nucleoprotein reconstituted from TMV protein and RNA in several respects: TMV and reconstituted RNA nucleoprotein contain about 5-6 per cent nucleic acid, considerably less than the nucleic acid content of the DNA materials. Both natural and artificial RNA nucleoproteins are insoluble in 0.4 saturated ammonium sulfate; the DNA nucleoproteins are soluble and cannot be sedimented without recourse to ultracentrifugation. As can be seen from the electron micrograph shown in Figure 3 , the DNA nucleoproteins form rods similar to those of TMV and reconstituted RNA nucleoprotein. However, there appears to be a higher proportion of unusually long rods (longer than 0.45 As) in the DNA-bearing material.
The results of infectivity tests carried out on a series of high-molecular-weight DNA nucleoproteins produced by the foregoing procedure are shown in tion in an effort to determine whether this might influence the affinity of nucleic acid and protein. Under this condition the DNA nucleoprotein occurs as an amorphous precipitate in 0.1 saturated ammonium sulfate and is significantly infectious. In Experiments 5 and 6 the nucleoprotein complex was formed by regulation of the NaCl concentration of DNA-protein mixtures. Previous studies of native DNA nucleoprotein isolated from tobacco leaf showed that DNA and protein moieties are dissociated in NaCl above 1 M and form a complex in 0.14 M NaCl. Accordingly, mixtures dissolved in 2.6 M NaCl were dialyzed against 0.14 M NaCl to permit gradual complex formation. Ammonium sulfate (0.4 saturated) was then added and the nucleoprotein isolated by ultracentrifugation. As shown in Table 1 , in both experiments the product was significantly infectious. These results indicate that preparations of DNA-bearing nucleoprotein reconstituted by combining DNA from healthy or infected tobacco leaf with either TMV protein or protein B3 yield infectivity not present in the starting material. Evidence already cited shows that this result cannot be ascribed to infectious contaminants present in protein derived from TMV or from DNA extracted from infected plants. It should also be noted that, in the case of infectious nucleoprotein constituted from B3 and the DNA isolated from healthy leaf, neither starting substance was derived from originally infectious material.
Conceivably, the DNA nucleoprotein might be itself uninfectious but capable of strongly enhancing the infectivity of a trace of TMV contaminant too low to be otherwise detected. That this is not the case is shown by an experiment in which DNA nucleoprotein was added to a solution containing 0.5 gug. of TMV per milliliter.
Such a mixture yielded a lesion count which showed that the infectivity of the added TMV was not significantly different from that of the same amount of TMV alone.
In all preparations the specific infectivity (i.e., the infectivity of the DNA nucleoprotein relative to the lesions produced by an equal weight of actual TMV) is quite low, being of the order of 0.005-0.100 per cent. For comparison, it should be noted that specific infectivities of the order of 1.0-10.0 per cent have been obtained from nucleoproteins reconstituted from TMV protein and RNA.3 Thus, in contrast with the activity of RNA-bearing reconstituted nucleoproteins, preparations produced from tobacco leaf DNA and TMV or B3 protein possess a level of infectivity of an order of magnitude, or more, lower. Table 2 reports the results of experiments designed to show the effects of ribonuclease and desoxyribonuclease on the above reconstitution process. These show that nucleoprotein capable of forming lesions can be recovered from a reconstitution process carried out in the presence of ribonuclease, in which both the protein and the DNA starting material were previously treated with ribonuclease. This is evidence that the formation of infectious nucleoprotein is not dependent on the presence of intact enzyme-sensitive RNA moieties. On the other hand, when DNA from either healthy or TMV-infected leaf is treated with DNAase, the yield of nucleoprotein, and of lesions, is reduced 6-10-fold. This is evidence that the formation of infectious nucleoprotein depends on the presence of intact DNA.
The lesions produced by reconstituted DNA-bearing nucleoprotein on leaves of N. glutinosa are qualitatively indistinguishable from those produced by either TMV itself or nucleoprotein reconstituted from TMV protein and RNA. When such lesions are cut out of the leaf, homogenized in buffer, and the resulting extract in-837 VOL. 42, 1956 oculated on small plants of N. tabacum, the plants become infected in a majority of the instances. These plants show systemic symptoms (leaf mosaic, deformation of leaf margins, breaks in flower pigmentation) that are qualitatively similar to those found on ordinary TMV-infected plants. Leaf tissue from plants which have become systemically infected as a result of inoculation with single lesions produced by DNA-bearing reconstituted nucleoprotein has been harvested and virus extracted in the usual manner. When this is done, a high-molecular-weight nucleoprotein with physical, biological, and chemical properties indistinguishable from those of ordinary TMV is obtained. As shown by the analyses reported in Table 3,   TABLE 2 tuted nucleoprotein. This can be seen from a quantitative evaluation of the infectious progeny produced in each lesion. When single lesions produced by ordinary TMV are cut out of the leaf, homogenized in buffer, and inoculated onto half-leaves of N. glutinosa, an average of 10-100 new lesions are produced from each such inoculum. The actual number will, of course, vary with the sensitivity of the leaf and to some extent with the condition of the tissue from which the initial lesion was cut. Nevertheless, it is found that when two lesions formed on the same leaf by TMV are cut out and inoculated on opposite halves of a second N. glutinosa leaf, the number of new lesions produced on the two leaf halves do not differ by more than 50 per cent, with the mean difference being about 20 per cent. When similar comparisons are made by inoculating, on opposite leaf halves, extracts of single lesions due to TMV and to RNA-bearing reconstituted nucleoproteins, it is found that the latter produce only about one-third the number of lesions produced by the lesions due to TMV. In contrast, Table 4 shows that when lesions due to DNA-bearing reconstituted nucleoprotein are compared with lesions due to TMV, it is found that the former produce considerably more lesions than ordinary virus-induced lesions. This shows that, with respect to the content of infectious particles found in the primary lesion, DNA-bearing reconstituted nucleoprotein differs markedly both from ordinary TMV and from nucleoprotein reconstituted from TMV protein and RNA. This fact provides further evidence that the infectivity which we find in reconstituted nucleoprotein formed from DNA is not due to contamination either with intact TMV or with RNA which becomes infectious by forming a nucleoprotein. When the secondary lesions produced by transfer of the original lesions are again reinoculated on leaves of N. glutinosa, the yield of progeny becomes approximately equivalent to that of the TMV standard. Transfer to a third generation gives the same result (Table 4) . From this it may be concluded that DNA-bearing reconstituted nucleoprotein produces a primary infection which is different from that due to TMV or to RNA-bearing reconstituted nucleoprotein in yielding considerably more infectious particles. However, the infectious particles produced during this primary infection process are ordinary TMV. This is evident from the fact that, on being tested in a second and third generation, these particles produce progeny counts no different from TMV. Thus it is to be expected that tobacco plants infected with lesions produced by DNA-bearing nucleoprotein will be identical with ordinary infected plants both with respect to symptoms and with respect to their content of ordinary RNA-bearing TMV. VOL. 42, 1956 The foregoing results show that TMV or B3 protein may form polymers which contain tobacco leaf DNA. These possess, at least in part, the biological activity of TMV, albeit at a very low level. In keeping with earlier observations which show that the configuration of the polymer is a function of the protein alone, the DNAbearing reconstituted nucleoproteins are quite similar in shape to the rods found in preparations of TMV, of nucleic acid-free polymerized TMV protein or B3 protein, or of nucleoprotein reconstituted from TMV protein and RNA. However, the DNA nucleoproteins contain about twice as much nucleic acid as do the RNA nucleoproteins. Polymerized virus protein which does not contain nucleic acid appears to be wholly lacking in infectivity. DNA prepared either from healthy tobacco leaf or from TMV-infected tobacco leaf appears to be equally inactive. Nevertheless, the incorporation of inactive DNA into inactive protein leads to the appearance of infectivity which yields, as its ultimate product, ordinary TMV. These considerations lead to the empirical conclusion that infectivity can be acquired by the union of DNA with virus protein. The level of infectivity is of a very low order and is nearly marginal with respect to the sensitivity of the lesion assay method. Hence the foregoing conclusion is subject to the serious qualification that the observed biological effect probably occurs in only a small proportion, perhaps 1 in 10,000, of the reconstituted nucleoprotein particles.
This conclusion is, on the basis of the present data, subject to at least two alternative interpretations:
1. In every case, the reconstituted nucleoproteins which we have studied are derived from at least one starting substance which was originally obtained from TMV-infected plants. This being so, one must consider the possibility that extremely small amounts of virus RNA are present in the reaction mixtures in which the DNA-protein complexes are formed. The infectivity levels involved in the phenomenon are so low that no known chemical method is sufficiently sensitive to rule out the presence of very small amounts of rather active material, such as virus RNA. Our data demonstrate that such RNA, if present, is not itself capable of forming lesions or, in the absence of DNA, of forming infectious RNA nucleoprotein. Also, the experiment described in Table 2 indicates that such RNA entities, if present, appear to resist degradation by ribonuclease. Nevertheless, it is possible that some RNA particles may resist enzymatic attack and become inclosed in the DNA nucleoprotein formed in the reconstitution process. Conceivably such RNA moieties, while uninfectious by themselves and not alone capable of forming infectious nucleoprotein, achieve an infectious status when incorporated into a DNA nucleoprotein. In this case, the actual generative agent present in the reconstituted DNA nucleoprotein and responsible for its infectious activity would be of virus RNA origin rather than the DNA itself.
2. Alternatively, the foregoing results may be viewed as evidence that the infectivity of the DNA nucleoproteins is due to an inherent property of the DNA itself. This would mean that DNA incorporated into TMV protein polymers may sometimes acquire from the latter the biological specificity of the virus. This proposal, if established, would indicate that the protein component of TMV is capable of exerting some degree of specific influence on the biological character of the virus.
This kind of effect might be responsible for the apparent recovery of infectivity when inactive, denatured, virus RNA is incorporated into a reconstituted nucleoprotein.
It should be emphasized that the present data do not, in our opinion, permit a choice between the foregoing alternative explanations. The possibility that small amounts of otherwise inactive virus RNA components may, when incorporated into DNA-bearing nucleoproteins, render the polymer infectious is subject to experimental verification. The same is true of the alternative proposal that TMV protein may induce some biological activity in an indifferent nucleic acid incorporated into a reconstituted nucleoprotein. It is hoped that such investigations will permit an unequivocal explanation of the results just described.
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